Normal mouse IgM is synthesized as hexamers in the absence of J chain and as pentamers in its presence. Previous work has suggested that polymer size is also closely related to formation of the inter-µ chain disulfide bond mediated by cysteine 414, one of three cysteines involved in inter-µ chain bonding. This correlation in turn suggested that formation of C414-C414 might be required for J chain to influence how IgM assembles and that formation of C414-C414 might affect the J chain/IgM stoichiometry. To test such hypotheses we have used cell lines which either expressed or did not express J chain to produce IgM in which serine was substituted for C414. In contrast to the case of IgM assembled from normal µ chains, IgM-S414 was secreted mostly as pentamers and tetramers but not as hexamers, irrespective of J chain synthesis. These results indicate that the role of J chain as modulator of IgM structure and function requires C414. Moreover, a more detailed analysis of the structure of J-plus and J-minus IgM-S414 revealed that J chain, in fact, influenced the nature of secreted IgM-S414: in the absence of J chain, some IgM-S414 was secreted as dimers and trimers, while in the presence of J chain, some IgM was secreted as non-covalently assembled pentamers. These results imply that disulfide bonding can occur differently from the pattern depicted in conventional models of IgM structure.
Introduction
J chain regulates wild-type mouse IgM structure: IgM-wt is C575 seem to pre-date C414 in evolution. While J chain is predominantly synthesized as hexamers in the absence of expressed even in invertebrates (13) , and while µ chains from J chain and as pentamers in its presence (1) (2) (3) (4) . The inter-µ all vertebrates studied to date contain C337 and C575, early chain disulfide bonds of IgM-wt are mediated by three vertebrates such as cartilaginous and bony fish lack C414 cysteines, C337 in the C µ 2 domain, C414 in the C µ 3 domain (14, 15) . The IgM of these fish is generally pentameric and and C575, the penultimate amino acid in the C µ 4-tail domain.
tetrameric respectively (16) . Bony fish tetramers are, to some The conventional model of IgM depicts a pentamer of µ2L2 degree, non-covalently assembled (17) (18) (19) (20) , suggesting that subunits in which C337-C337 and C575-C575 link µ chains in C414 in mammalian IgM might promote complete covalent series and in which the adjoining µ chains linked by C575-C575 assembly. To test whether influence of J chain on polymer are also linked by C414-C414, i.e. C575-C575 and C414-C414 type depends on formation of C414-C414 and whether C414 link µ chains in parallel. In addition, J chain has been shown to plays a part in covalent assembly of mouse IgM, we analyzed associate with pentamers through C575 (5-8) at a stoichiometry the structure of secreted IgM molecules which bore serine in of approximately one J chain per polymer (9, 10) .
place of C414 and were produced in J chain-expressing and Previous studies have shown that the C414-C414 disulfide J chain-deficient hybridoma cells. Our results suggest some bond, unlike C337-C337 and C575-C575 bonds, is not modifications to the standard model of IgM structure. necessary for assembly of covalent IgM polymers (2, 7, 8, 11) . Moreover, relatively few C414-C414 bonds are normally Methods formed in mouse pentameric IgM (12) . By contrast, most or
Cell culture even all C414-C414 are thought to form in hexameric IgM (2) . Hence, absence of J chain is correlated with increased Vectors and transfected cell-lines have been previously described (7, 8) . Tissue culture conditions are as in (21, 22 ). C414-C414 bond formation. Intriguingly, J chain, C337 and
The CCL-1 fibroblast line was obtained from Dr F. Tsui CATGCATTTGTTGT-3Ј (Vetrogen, London, Ontario, Canada) or by an actin DNA fragment that had been 32 P-labeled by (University of Toronto, Toronto, Canada).
random priming (NEBlot Kit; New England Biolabs, Beverly, Preparation and analysis of IgM MA). Samples were visualized by autoradiography and quantified by PhosphorImager analysis. IgM preparation. Labeled IgM was obtained by affinity purification (7) or immunoprecipitation (11) of culture supernatants Hemolysis of cells that had grown overnight at an initial density of 1ϫ10 6 Complement-mediated hemolysis of TNP-coated sheep red cells/ml in 90% methionine-free DMEM and 10% normal blood cells (SRBC) was measured as previously described DMEM, containing 12% FCS and 100 µCi/ml [ 35 S]methionine (22) except hemoglobin release was measured at 405 nm. (SJ 204; Amersham, Arlington Heights, IL). For immunoprecipitation we used anti-µ antibody (Jackson ImmunoResearch, West Grove, PA) coupled to Protein G-agarose (Calbiochem, Results San Diego, CA).
As noted above, the inter-µ chain disulfide bonds of wild-type SDS-PAGE analysis. SDS-PAGE (23) was performed with mouse IgM are mediated by cysteines C337, C414 and C575. the following modifications: the upper gel contained 3.0%
To assess the importance of these disulfide bonds for IgM acrylamide, 0.40% agarose, 0.10% SDS and 0.38 Tris-HCl, assembly and function, we have used a gene transfer system pH 8.8. The lower gel was as described containing 7.5% based on the Sp6 hybridoma cell line which produces IgM(κ) (non-reducing SDS-PAGE) or 12.5% (reducing SDS-PAGE) specific for TNP. We have expressed the normal and variously acrylamide. Samples were not reduced unless otherwise mutated µ heavy chain genes in the recipient cell lines, igm10 indicated. To reduce disulfide bonds, the material was boiled and X10. These two mutant cell lines were independently for 3 min in 5% (v/v) 2-mercaptoethanol. Samples were visualderived from Sp6 and lack the µ gene but continue to produce ized by autoradiography of vacuum-dried gels or by Western the TNP-specific κ chain. The mutant products are denoted blot analysis. Autoradiographs were quantified by Phosaccording to the substituted amino acid. For example, the phorImager analysis. Prestained molecular mass markers mutant µ genes, resulting transfectants and corresponding (Life Technologies, Grand Island, NY) were run in each gel.
IgM are denoted as µ-S414, T/µ-S414 and IgM-S414 respectively for the C414S substitution. Western blot analysis. Samples were transferred to nitrocelluSecretion of IgM-S414 by J chain-deficient and J chainlose paper (Schleicher & Schuell, Keene, NH), blocked with expressing cell lines I-block (Tropix, Bedford MA), and probed with either rabbit anti-human J chain with cross-reactivity to mouse J chain Expression vectors for µ-wt, µ-S414 and µ-S575 were trans-(BioGenex, San Ramon, CA) followed by alkaline phosphatfected into the κ-producing cell line, X10, and the resulting ase-conjugated mouse anti-rabbit IgG (Jackson ImmunoIgM was examined for J chain. Parallel experiments were Research), alkaline phosphatase-conjugated goat anti-mouse conducted with similar transfectants which had been generIgM µ-specific (Jackson) or alkaline phosphatase-conjugated ated previously and described in an earlier report from goat anti-mouse κ (Caltag, San Francisco, CA) antibodies.
this laboratory (8) . IgM was biosynthetically labeled with Blots were washed and J chain, µ or κ bands were visualized [ 35 S]methionine and affinity purified on DNP-Sepharose by enhanced chemiluminescence (ECL) using Nitro-Block beads. The eluted material was then fractionated by AU-II and CSPD substrate (Tropix) as per the manufacturer's PAGE and analyzed by autoradiography. As shown in Fig. 1 lack of inter-µ disulfide bonds at C414 and the incorporation 11 ml linear 5-20% sucrose density gradient as described of J chain into polymeric IgM, contrary to the conclusion (7), except that gradients were centrifuged at 23,000 r.p.m. expressed in the previous report (8) . for 16.5 h in an SW41 rotor.
To understand the basis for the difference between these various µ-S414 transfectants, we compared the J chain mRNA Northern blot analysis level of the T/µ-S414 [O] and T/µ-S414[I [1] [2] [3] ] transfectants. As shown by Northern blot analysis ( Fig. 2 ), J chain mRNA was A 10 µg sample of total cytoplasmic RNA (25) was denatured with formamide and fractionated by electrophoresis in a 1% evident for all transfectants except T/µ-S414[O], for which J chain mRNA was undetectable. The reason for the lack of agarose gel containing formaldehyde. The blot was probed by a 32 P-end-labeled J chain oligonucleotide 5Ј-GGTACAnormal J chain mRNA in this atypical transfectant is unknown. The IgM was fractionated using a single-phase 3% acrylamide/0.40% agarose SDS-PAGE. The gel was blotted onto nitrocellulose, probed with J chain-specific or µ chain-specific antibodies (Ab µ; Ab J, as indicated) and visualized by ECL. The apparent mol. wt of the S1-S5 species is indicated on the right. IgM-wt pentamers, indicated by (µ2κ2) 5 J, and hexamers, indicated by (µ2κ2) 6 , were used as Fig. 2 . Analysis of J chain mRNA. Cytoplasmic RNA (10 µg) was standards to estimate the mol. wt of S5-S1 species. isolated from the indicated cell lines and fractionated by electrophoresis in 1% agarose. The gel was blotted onto nitrocellulose paper and probed with the J chain-specific oligonucleotide and actin gene fragment (see Methods). CCL-1, a fibroblast cell line was the negative control. 'I 1 IgM-S414', 'I 2 IgM-S414' and 'I 3 IgM-S414' refer whether J chain alters the assembly or function of IgM-S414. we analyzed radiolabeled, affinity-purified IgM by SDS-PAGE levels of four independent T/µ-S575 ranged from 80 to 470% of Sp6 hybridoma. (Fig. 3) . The IgM was then visualized by autoradiography (Fig. 3A) or by Western blot (Fig. 3B ). As indicated in Fig. 3 , both IgM-wt and IgM-S414 appeared in several discrete polymeric species. For simplicity, we refer to the different As noted above, polymeric IgM-S575 was found to lack IgM-S414 species as S1 to S5, as defined in Fig. 3 (B). J chain (7) and we have confirmed this result with independent Previous electron microscopic studies of J-minus IgM-S414 transfectants. These transfectants contained approximately (secreted by T/µ-S414[O]) indicated the presence of two normal levels of J chain mRNA (Fig. 2) , indicating that the major polymeric species of pentamers and tetramers (8) , and absence of J chain in IgM-S575 reflected the effects of the on this basis we suppose that S5 and S4 contained pentamers S575 substitution.
and tetramers respectively. The difference in mobility of IgM-
Effects of J chain on assembly of IgM-S414
wt and IgM-S414 pentamers is likely to reflect different conformations caused by different disulfide bonding. As The availability of transfectants which produced IgM-S414 in the presence or absence of J chain allowed us to examine indicated by anti-µ probing in Fig. 3(B) , both J-plus (secreted by T/µ-S414[I]) and J-minus IgM-S414 contained species S1-S5, but J chain affected the fraction of IgM appearing as S2 and S3. PhosphorImager analysis of the same preparations indicated that in J-minus IgM-S414 there was nearly 3-fold more S3 (8-9 compared to 2-3%) and 6-fold more S2 (7-10 compared to 1-3%) compared to J-plus IgM-S414 (as also seen in Fig. 5 ). By contrast, production of the S5, S4 and S1 species was affected only slightly, if at all, by J chain. Thus, S5, S4 and S1 constituted 45, 25 and 10% respectively of total J-minus IgM-S414, compared to 55, 30 and 12% for Jplus IgM-S414.
As noted above, the AU-PAGE assay system indicated that IgM-S414 incorporated J chain. To determine which of the species, S1-S5, incorporated J chain, we analyzed the material shown in Fig. 3(B) by probing with J chain-specific antibodies. Control experiments showed that the anti-J chain antibody reacted~5-to 10-fold more strongly with J-containing IgM than with J-deficient IgM (data not shown), providing a sufficient window for detecting J chain in IgM. These blots showed that J chain is present in the S5 and S4 species but not in the S1 species. J chain was not detected in species S2 and S3, but this negative result might have reflected the low abundance of these species.
To investigate whether IgM-S414 was synthesized as noncovalent structures which would have been disrupted in the SDS-PAGE analysis, we fractionated IgM by sucrose density gradient ultracentrifugation under non-denaturing conditions (Fig. 4) before subjecting the samples to SDS-PAGE. A typical analysis is presented in Figs 4 and 5 . Most of the IgM-wt (Fig. 4A ) was polymeric (peak fractions 44 and 45), but some IgM-wt migrated as a monomer (peak fractions 19 and 20) . Although the major component of both J-plus (Fig. 4B ) and J-minus (Fig. 4C ) IgM-S414 sedimented similarly to IgM-wt, i.e. as a full sized polymer, there were several interesting differences between J-plus IgM-S414, J-minus-IgM-414 and IgM-wt. IgM-wt polymers migrated as a broad peak (fractions 48-52; Fig. 4A ) which, as previously reported, contains distinct pentameric and hexameric populations migrating at the trailing and the leading edges respectively (7). By comparison, J-plus IgM-S414 migrated as a narrow, more homogeneous peak (fractions 35-50; Fig. 4B ), while J-minus IgM-S414 contained a substantial amount (~20-30%) of material which migrated as smaller, intermediate-sized polymers (fractions 25-35; Fig. 4C ). Finally, there was a lower proportion of monomers (fractions 15-25) in IgM-wt than in (J-plus and Jminus) IgM-S414. To confirm that the differences in sedimentation rate did not reflect differences in the size of the µ and κ chains, we analyzed the different species by SDS-PAGE after reduction. These results (not shown) indicated that the µ and Fig. 4 were immunoprecipitated and fractionated by SDS-PAGE (two phase, discontinuous 3% acrylamide/0.40% agarose-7.5% acrylamide gel). The GI 'band' is material accumulated at the gel interface. Positions of mol. wt standards are indicated. The species S1-S5 are defined in Fig. 3 . The amount of non-covalent assembly was calculated as [(5ϫS1) ϩ S2 ϩ S3)/(S5 ϩ S4 -(4ϫS1)]. This represents the percentage of pentameric and pre-existing tetrameric material that dissociated into smaller IgM. The degree of non-covalent assembly is shown in the box below each panel. 'nd' denotes that non-covalent assembly could not be detected (Ͻ0.5%).
κ chains had the same mobility whether they derived from not artifacts of boiling-induced auto-reduction in SDS buffer, as control experiments showed no detectable difference monomeric, intermediate size or polymeric IgM-S414, arguing that the differently sedimenting species contained different between boiling in the presence or absence of 0.5 M iodoacetic acid, pH 8.6 (data not shown). We conclude that numbers of similarly sized Ig chains.
To visualize the covalent structures within the polymeric the J-plus IgM-S414 preparation contained two types of pentamers: one type was covalently assembled and migrated peak, the fractionated IgM was examined by SDS-PAGE (Fig. 5) . Quantification of these species by the Phosphoras S5, while the other type was partially non-covalent and dissociated in SDS-PAGE to S4 and S1 and to S3 and S2. Imager indicated that both S5 and S4 of J-plus IgM-S414 ( Fig  5A) peaked in fractions 41-44. However, while the S5 species
As outlined in the legend of Fig. 5 , we estimate that 7-17% of the pentamers and tetramers in fractions 39-50 of the was symmetrically distributed in the SDS-PAGE analysis of the sucrose gradient fractions, S4 had a substantial shoulder polymeric peak was non-covalently assembled. The discordance between the S1 and S4 distributions argues that some on the slower-sedimenting side. Interestingly, the smaller species S1, S2 and S3 peaked in fractions 43-44. This S4 derived from material which sedimented more slowly than the major pentameric IgM-S414, i.e. S4 derived from two distribution implies that these low mol. wt species must have derived from the larger polymers. These smaller species were sources, material which sedimented as a pentamer and dissociated into S1 and S4, and material which migrated more slowly and yielded only S4, presumably an IgM-S414 Cytolytic activity of IgM-S414 tetramer. Accordingly we refer to this latter material as free tetramers.
Previous data showed that polymeric (J-minus) IgM-S414 was at least 25-fold less efficient than polymeric IgM-wt in In the case of J-minus IgM-S414 (Fig 5B) , we did not detect the S1 species in polymeric fractions, and the S2 and S3 activating complement-mediated hemolysis (8) . To assess the cytolytic activity of J-plus IgM-S414, we measured the amount species did not peak in the fractions corresponding to polymeric IgM. This distribution implies that most, if not all, S2
of IgM required to lyse a standard number of TNP-coated SRBC, as determined by hemoglobin release. As shown in and S3 derived from the smaller (i.e. intermediate) polymers in the sucrose gradient. Therefore, J-plus IgM-S414 contained Fig. 7 , lysis by IgM-wt was proportional to added IgM up to a concentration of 40 ng/ml. Little, if any, lysis was seen for more non-covalently assembled polymers than did J-minus IgM-S414 and, conversely, J-minus IgM-S414 included more either J-plus or J-minus IgM-S414 throughout this concentration range. The cytolytic activity of IgM-wt was not inhibited pre-existing intermediate species than did J-plus IgM-S414.
As shown in Fig. 2 , both S5 and S4 contained J chain. As by the simultaneous addition of up to 40 ng/ml of IgM-S414. These results indicate that J-plus as well as J-minus IgMnoted above, the distribution of the S4 and S1-S3 species observed in Fig. 5 argues that the S4 species arose both S414 was at least 25-fold less hemolytic than wild-type IgM. from dissociation of non-covalently assembled S5 and from free tetramers. To ascertain whether S4 derived from free Discussion tetramers contained J chain, fractions 33-36, in which most of the S4 is pre-existing, as well as fractions 37-38 of J-plus Our analysis of secreted IgM-S414 has revealed several interesting features. (i) Regardless of J chain, IgM-S414 is IgM-S414 were immunoprecipitated, fractionated by SDS-PAGE and probed with J chain-specific antibodies. The relatproduced predominantly as (non-cytolytic) pentamers and tetramers but not as hexamers.
(ii) The J chain content of ive amount of IgM in each band was estimated from the µ-specific blot shown in Fig. 6(A) , while Fig. 6(B and C) shows IgM-S414 is comparable to that of IgM-wt. (iii) J-plus IgM-S414 includes some non-covalently assembled pentamers the J chain content. This analysis shows that free tetramers contain J chain. Our data, however, do not indicate whether which are absent in J-minus IgM-S414. (iv) J-minus IgM-S414 includes some smaller species (dimers and trimers) which the S4 species derived from non-covalently assembled pentamers contains J chains.
are absent in J-plus IgM-S414.
Several findings taken in the context of the conventional of Fig. 8 . If C µ 4-tail interactions are sufficient to bridge the model of IgM (Fig. 8A) , in which only adjacent µ chains are gaps around a J-deficient tetramer, then C µ 4-tail interactions disulfide bonded, have suggested that J chain might be should be sufficient, without requiring J chain, to bridge the needed to circularize the IgM by bridging a gap imposed by gaps in IgM-wt pentamers bearing three or fewer C414-formation of C414-C414 bonds. As presented below, our C414 bonds. Therefore, J chain should not be necessary finding of non-covalent pentamers and smaller polymers is to circularize pentameric IgM-wt, even when C414-C414 difficult to fit with this model. Although the existence of these bonds form. forms might reflect effects of J chain on secretion kinetics or Our observation that J-plus non-covalent and J-minus interpolymerization, the evidence for such effects is controversial mediate polymers are secreted also argues against the (4, 26) . This Discussion will, therefore, focus on how our conventional model. Detection of non-covalent and small observations bear on models for the intermolecular disulfide polymers indicates that some µ chains are not joined in series bonding in pentameric IgM.
by C337-C337 and C575-C575 bonds. Several observations The hypothesis that J chain might bridge a gap resulting argue that these polymeric forms of IgM do not reflect failure from formation of C414-C414 derives from evidence which to form C337-C337 or C575-C575. First, Sitia and colleagues relates cytolytic activity and C414-C414 formation, and sug-(31-34) have reported results arguing that free C575 would gests that normal pentameric and hexameric IgM differ in prevent secretion of IgM. Second, the conventional model in their C414-C414 bonding. Thus, hexameric IgM-S575, which which C414-C414 join µ chains in parallel with C575-C575 bears six C414-C414 per polymer, is 10-to 20-fold more predicts that IgM-wt lacking C337-C337 would be noncytolytic than pentameric IgM-S337, which appears to bear covalently assembled. However, IgM-wt does not dissociate only one C414-C414 per polymer (2, 7, 8) . The finding that the into smaller units in SDS-PAGE. Therefore the conventional cytolytic activity of these mutant pentamers and hexamers model in which only adjoining µ chains are linked by C575-was in each case similar to that of wild-type IgM pentamers C575 implies that IgM would either be secreted as a fully and hexamers (8) suggested in turn that IgM-wt pentamers covalent polymer or as monomers (11), contrary to our detecbear one C414-C414 bond while IgM-wt hexamers bear more tion of intermediate J-minus and non-covalent J-plus than one, perhaps six, C414-C414 bonds. The role of C414 polymers. in cytolytic activity is not established, but it has been sugIn order to conserve formation of all C337-C337 and C575-gested that C414-C414 bonds rigidify the IgM polymer such C575 bonds and yet account for the above observations, we that binding of antigen can induce a conformational change propose a model in which C575-C575 disulfide bonds and and thereby unmask a C1 binding site (27) . However, it must J chain can link non-adjoining as well as adjoining µ chains be noted that tetrameric bony fish IgM and pentameric (Fig. 9) . According to this model, tetrameric and pentameric cartilaginous fish IgM, despite lacking C414, are still able IgM-wt polymerize as a smaller circle (smaller radius) than to activate their respective classical complement pathway hexameric IgM (Fig. 9A-C) , as the subunits flex between (28, 29) . It could be that these fish have evolved a mechanism domains like scissors-tongs to maintain the inter-domain distinct from that above to prevent activation of complement contacts. In contrast with the Bridge-the-Gap model, J chain proteins by unbound IgM.
interacts with two non-adjoining µ chains (Fig. 9B ) and this The proposition that pentamers and hexamers differ in the interaction depends on the diameter of the inner-circle. Thus, extent of C414-C414 formation suggested a model to explain if the two µ chains are separated as illustrated for hexameric why J chain is found in pentamers but not in hexamers (8) .
IgM (Fig. 9C) , J chain cannot span the inner-circle. ConThe underlying assumptions for this model were that J chain versely, incorporation of J chain restricts the size of the innercovalently links the first and the last monomeric unit to circle and thus restricts the number of monomeric units complete the polymeric circle (9,30) (as depicted in the accommodated into the polymer. conventional model) and that circularization is a necessary This model provides a ready explanation for our findings that step in IgM maturation or secretion. According to this model, J-plus IgM-S414 includes some non-covalently assembled formation of C414-C414 closes the gap between the correspentamers and that J-minus IgM-S414 includes some smaller ponding subunits, thus increasing the gap between other polymers. To account for the presence of non-covalent as subunits (compare Fig. 8B with C and D) . Formation of fewer well as covalent J-plus IgM-S414 pentamers, we consider than four C414-C414 creates a gap that can be bridged by first the structure depicted in Fig. 9 (E), in which J chain joins J chain, but not by the C µ 4-tail domains alone (Fig. 8C) .
µ chains 2 and 6. The µ, κ and J chains are covalently bound Formation of four C414-C414 bonds in an uncircularized in one unit µ 10 κ 10 J (species S5). In Fig. 9(F) , however, J chain pentamer results in a final gap which can be spanned by joins µ chains 2 and 5. This structure includes two covalent incorporating one more monomer (Fig. 8D) but not by J chain.
units (µ1-6 and µ7-10), and on SDS-PAGE is expected to Consequently, J chain is found in pentamers but not dissociate into µ 6 κ 6 J (species S3) and µ 4 κ 4 (species S2). hexamers. Figure 9 (F) also suggests an explanation for the smaller Our present data as well as a previous analysis by electron polymers of J-minus IgM-S414, as the absence of J chain microscopy (8) indicate that J-minus IgM-S414 is assembled might permit µ chains 9 and 8 to join rather than µ chains 10 as tetramers as well as pentamers. The presence of these and 8 with the result that IgM-S414 circular dimers and trimers tetramers argues against this Bridge-the-Gap model, as folare pinched off. That is, incorporation of J chain is proposed lows. The inter-subunit gaps in a J-deficient tetramer (Fig. 8E) to hinder some specific µ-µ interactions and thus to direct should be no larger than the gaps in a pentamer bearing three C414-C414 bonds (Fig. 8F) , as calculated in the legend synthesis of pentameric IgM molecules. 
